LWR FIRST RECYCLE OF TRU WITH THORIUM OXIDE FOR TRANSMUTATION AND CROSS SECTIONS
Thorium has been considered as an option to uranium-based fuel, based on considerations of resource utilization (thorium is approximately three times more plentiful than uranium) and as a result of concerns about proliferation and waste management (e.g. reduced production of plutonium, etc.). Since the average composition of natural Thorium is dominated (100%) by the fertile isotope Th-232, Thorium is only useful as a resource for breeding new fissile materials, in this case U-233. Consequently a certain amount of fissile material must be present at the start-up of the reactor in order to guarantee its operation. The thorium fuel can be used in both oncethrough and recycle options, and in both fast and thermal spectrum systems.
The present study has been aimed by the necessity of investigating the option of using reprocessed plutonium/TRU, from a once-through reference LEU scenario (50 GWd/tHM), mixed with natural thorium and the need of collect data (mass fractions, cross-sections etc.) for this particular fuel cycle scenario. As previously pointed out, the fissile plutonium is needed to guarantee the operation of the reactor.
Four different scenarios have been considered:
• Thorium -recycled Plutonium;
• Thorium -recycled Plutonium/Neptunium;
• Thorium -recycled Plutonium/Neptunium/Americium;
• Thorium -recycled Transuranic.
The calculations have been performed with SCALE6.1-TRITON.
The amount of transuranic present in the reference 50.0 GWd/tHM UOX SNF (4.2% U-235) after 5 years of cooling time is given in Table 1 .1 -TRU composition in the reference 50 GWd/tHM UOX SNF (5-year cooling time).
As previously said, the calculations needed by this study have been performed through the code SCALE 6.1/TRITON. A small overview on the main capabilities and models used is reported in the following paragraphs.
The reactor physics calculations have been performed by the lattice physics capabilities of the SCALE 6.1 code systems. The calculation flow consists of the use of several modules mutually coupled. The discrete-ordinates code NEWT (New ESC-based Weighting Transport code) coupled to the depletion code ORIGEN [8] via the TRITON control module [4] . Using the discrete-ordinates approximation to the transport equation on an arbitrary grid, together with a 238-group neutron cross-section library based on ENDF/B-VII, NEWT provides a robust and rigorous deterministic solution for non-orthogonal configurations. The differencing scheme employed by NEWT, the Extended Step Characteristic Approximation, allows a computational two-dimensional mesh based on arbitrary polygons. Such a mesh can be used to closely approximate curved or irregular surfaces to provide the capability to model problems that were formerly difficult or impractical to model directly with discrete-ordinates methods.
The TRITON control module performs the task of coordination of data transfer between various physics codes available within SCALE 6.1 and of invoking those codes in the proper sequence for a desired type of calculation. The high-fidelity nature of the NEWT solution in estimating angular flux distributions combined with the rigor of the ORIGEN depletion solver gives TRITON the capability to perform precise burnup-dependent physics calculations with few implicit approximations, and limited primarily by the accuracy of nuclide cross-sectional data. Such rigor may be necessary to capture the unique attributes of MOX/Th-TRU fuel behavior as well as that of advanced, highly heterogeneous fuel assembly designs being deployed in currentgeneration reactors. Cross-sectional self-shielding is carried out by BONAMI for unresolvedrange resonance data; the resolved resonance processor module CENTRM performs a 1-D discrete-ordinates code that uses point-wise cross-section data to produce a set of continuousenergy fluxes at discrete spatial intervals for each unit cell. Following a CENTRM calculation, the code PMC uses the resulting flux to collapse the point-wise continuous-energy cross sections into multi-group cross sections for each nuclide in each material in a unit (e.g., pin cell). The result is a multi-group library in which point cross-sectional data are weighted using the explicit point-wise spectrum representative of the nuclides present in a pin cell. Effects from overlapping resonances, fissile material in the fuel and surrounding moderator, anisotropic scattering, and inelastic level scattering are explicitly handled by this approach.
For the physics calculations carried out during this study, a TRITON model of one fourth standard (17x17) fuel assembly has been used (Fig 2.1 ). All the Th-TRU rods have the same Th-232 enrichment and the same Plutonium content. The 0.5 mm water gap at the periphery is explicitly represented. The model uses three different burn-up zones to take into account the different local moderating ratios: 1 for the corner rods (green), 1 for the other rods located at the periphery (cyan) and 1 for the internal rods (red). The TRU content in the Th-TRU fuel assemblies has been tuned to maintain the same average discharge burn-up and a constant cycle length. The calculations have been run considering a 3-batch core with an average discharge burn-up of 50.0 GWd/tHM and a fuel power density of ~ 39.2 MW/tHM. The model takes in account 2 year fuel aging (time needed by the fabrication and transport operations) and 5 years of cooling time (time needed in order to reduce the decay heat generation to levels compatible with the separation operations). The burn-up level above specified is reached after ~ 1275 days of irradiation. One cycle then corresponds to 2 years + 50 GWd/tHM (1275 days) + 5 years cooling time 10.5 years.
The necessary TRU 1 enrichments are determined with a methodology that is standard for this kind of application: the k-infinity of the assembly at the average end of cycle burn-up (33.33 GWd/tHM), without soluble boron, is equal to that of the reference 4.2% UOX assembly calculated using the same code (SCALE 6.1), methods (SN), nuclear data (238 group library based on ENDF/B -VII), etc., i.e. k-inf = 1.029643 in our case. Figure 2 -2, below, shows the kinfinity trends for all the cases considered in this study as a function of burnup in GWd/tHM. The red vertical line in Figure 2 -2 corresponds to 33.33 GWd/tHM, where k-infinity for all the cases are equal to each other. The computed value has been corrected considering the fabrication packing factor (f) [10] :
The following individual densities have been considered: -ThOx: 10.0 g/cc; -TRUOx: 11.5 g/cc.
Considering as an example the Th-PuOx case, the previous relations become:
The The figure below shows the k-inf trend for each case and each cycle step (initial fuel aging, burning) against the 50 GWd/tHM UOX (4.2%) SNF reference case. Table 3 .
-Mass Fraction input and output (summary).
This report presents the results of a neutronics analysis in which the option of a thorium-based fuel cycle has been shown.
The main objective of these calculations is quantify the TRU enrichment needed to operate a Thorium based reactor (PWR) in order to maintain the same average burnup at discharge (50 GWd/tHM) and, consequently, collect the data needed for further analysis.
It is important to recognize that these results are based on infinite lattice assembly calculations, assuming standard UOX fuel assembly parameters with homogeneously loaded fuel. While this approach increases the ability to retrofit thorium-based fuels into existing commercial PWRs with minimal or no changes required to reactor hardware, it does not represent the optimum performance achievable. Additionally more detailed studies (i.e. optimization of assembly and reactor parameters, calculation of void coefficients, etc.) would be required. 
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